report that motor cortex plays a key role in behavioral tasks that rely on continuous sensory feedback. They propose a layer-based circuit that might be of particular importance when coping with unexpected perturbations in dynamic environments.
Imagine you are a treasure hunter escaping from a collapsing pyramid through a dark maze of corridors. At the end of one corridor, light from the outside suggests an escape route. You storm down the corridor and unexpectedly a gate closes. What to do? Turn left? Turn right? At the same time, a few meters away, another door opens, forcing you to immediately adapt your trajectory toward the new exit while still running to save your life and avoid other unforeseen dangers. Solving this challenging situation requires continuously integrating information from an unpredictable environment and using that information to select an appropriate motor plan that ensures survival. Which are the key areas of the brain that could orchestrate such a mission? In this issue, Heindorf et al. (2018) hypothesize that interactions between different layers of motor cortex could play a pivotal role in triggering an appropriate motor output in unforeseen situations. These findings add an interesting twist to the ongoing debate about motor cortex function.
Historically, the motor cortex was functionally defined as the cortical regions that evoke movements when electrically stimulated. While many other brain regions contribute to motor function, the primary motor cortex is generally assumed to be involved in voluntary motor control. Lesions of this area in humans produce a flaccid paralysis and enduring debilitating loss of fine motor control that can be only partially recovered after rehabilitation therapy. Indeed, one of the most pervasive effects of motor cortex lesions across different orders of mammals is the longlasting disability in executing dexterous movements involving distal muscles, such as individual finger movements, precision grip, and grasping (Alaverdashvili and Whishaw, 2008; Darling et al., 2011) . However, unlike humans, other mammals including rodents and carnivores seem to recover most of their behavioral repertoire within weeks after the lesion, casting doubt on what the role of the motor cortex is and whether a common function for this cortical region exists across mammals. A generally accepted explanation that reconciles the different degrees of impairment across species is the existence of differences in the corticospinal system (Lemon, 2008) . Does this mean that the motor cortex evolved primarily for fine movement control of the fingers? What about mammals without prehensile paws? Another line of evidence suggests that the motor cortex is more related to the learning process than movement execution itself. This claim has recently been reiterated in a study in which rats were trained to perform a sequence of precisely timed lever presses separated by fixed delays. After extensive training, motor cortex lesions did not impair performance, whereas rats with motor cortex lesions induced prior to training were unable to learn the task (Kawai et al., 2015) . Such views, however, stand in stark contrast with recent studies showing that the execution of other motor skills, such as dexterous forelimb movements in mice, relies on intact motor cortex function. For example, transient optogenetic inactivation impairs both the initiation and the ongoing execution of reach-to-grasp sequences Galiñ anes et al., 2018) .
The question that arises is under which specific circumstances the motor cortex is important for movement execution. Heindorf et al. (2018) bring forward the hypothesis that it is required for controlling movements when ongoing sensory feedback is necessary for successful performance. In particular, they investigated whether the motor cortex is involved in controlling movements in response to unexpected perturbations of sensory input.
To tackle these questions, head-fixed mice were trained to run on a spherical treadmill in a visual virtual reality environment. Their goal was to navigate along a virtual corridor until reaching a visual target where they would receive a liquid reward. To solve the task, mice had to learn to steer the treadmill heading to the target by performing visually guided leftward and rightward turns. During training, turning movements became better controlled, leading to more straightforward running. While optogenetic inactivation of the primary motor cortex during training significantly impaired learning, inactivation in expert mice also significantly reduced their performance, suggesting that the motor cortex is necessary for both learning and execution of visually guided turns. Interestingly, kinematic properties of locomotion (turning amplitude, speed, and frequency) were not grossly affected by inactivation, thus supporting the idea that the motor cortex plays a specific role in motor control that depends on sensory feedback. To further explore this, the authors randomly introduced unexpected visual perturbations by suddenly rotating the virtual corridor. Mice rapidly corrected their running trajectories toward the new target position. However, these corrective turns were strongly reduced when motor cortex was inactivated. Thus, while inactivation of the motor cortex does not affect locomotion per se, it seems necessary for motor control when movements rely on simultaneous sensory feedback.
Next, the authors recorded motor cortex neuronal activity and found that a large proportion of layer 2/3 and layer 5 pyramidal tract (PT) neurons was significantly active during visually guided spontaneous turns. As reported in other directional motor tasks Galiñ anes et al., 2018) , neurons displayed different degrees of preference for contraor ipsiversive turns. When correlating motor cortex activity to movement parameters, the amplitude of average neuronal responses increased linearly with turn acceleration, suggesting a link between neuronal activity and behavioral output. Although this relationship was already observed during early sessions, layer 2/3 and layer 5 PT neurons displayed opposing changes across training. In layer 2/3, the response amplitude to contraversive turns decreased with learning, whereas it increased in layer 5, suggesting different coding roles within the cortical circuit. The increased responses during contraversive turns in PT neurons are in line with the observation of a higher proportion of contralateral selective PT neurons in a directional licking task and might reflect plastic changes associated with motor learning and increased behavioral performance.
When unexpected direction changes were introduced, things became more interesting. Similar to spontaneous turns, corrective turns induced by unpredicted visual perturbations triggered responses of layer 5 PT neurons that increased linearly with the acceleration of the turn, strengthening the link between neuronal activity and behavior. However, the amplitude of neuronal responses in layer 2/3 seemed uncoupled to the magnitude of subsequent turns, suggesting that these neurons are not encoding motor output. Moreover, unlike spontaneous turns where neurons rarely responded to both ipsiversive and contraversive turns, layer 2/3 neurons were similarly recruited in response to both types of visual perturbations (leftward or rightward) irrespective of their spontaneous turning preference.
As a possible interpretation, the authors propose that responses to unexpected stimuli in layer 2/3 reflect encoding of multiple alternative motor plans. Sequential processing in the cortex would lead to the selection of a motor plan expressed as a final motor command at the output of the cortex (PT neurons). In support of this idea, they found that the onset of layer 2/3 responses preceded layer 5 PT neuron activity by 45 ms. Moreover, the motor cortex has been proposed to follow a top-down hierarchical organization, from layer 2/3 to layer 5 and from layer 5 intratelencephalic (IT) to layer 5 PT neurons (Anderson et al., 2010; Kiritani et al., 2012) . Additional recordings of layer 5 IT neurons indeed revealed an intermediate pattern of activity between layer 2/3 and layer 5 PT neurons, supporting a topdown sequential processing chain. These results might hint at a possible neural circuit for flexible behavioral responses in which layer 2/3 contains information for all potential motor plans, layer 5 IT filters out the inappropriate ones, and layer 5 PT provides the command for execution. If this were the case, it is tempting to ask where layer 2/3 receives the motor plan from (e.g., basal ganglia or other cortical region) and whether IT neurons use past experience or internal states (e.g., motivation) for the selection of the appropriate motor plan. Further experiments recording from other cortical areas such as premotor and parietal cortices, as well as the thalamus, basal ganglia, and cerebellum, will be necessary to better dissect this circuit.
In summary, the work of Heindorf and colleagues suggests that the motor cortex is required in tasks during which motor execution depends on the integration of ongoing sensory information, prominently illustrated by unexpected perturbations in a dynamic environment. This proposal would reconcile seemingly opposing views on whether the motor cortex is necessary during learning or execution of specific motor tasks. Since learning of most novel motor skills relies on sensory feedback and consists of a series of unexpected and novel situations, the motor cortex is most likely required. Similarly, dexterous forelimb movements such as reaching and grasping rely on ongoing sensory feedback for adjusting arm-target interactions and, therefore, would equally require motor cortex control. On the other hand, more automatic or heavily overtrained motor skills, such as stereotyped lever presses or locomotion in predictable environments, could be sufficiently controlled through ballistic commands produced by areas other than the motor cortex. In essence, motor cortex might be a critical part of brain circuits, providing raiders the necessary flexibility to make it through their adventures, where unpredictable events are the rule rather than the exception.
